Abstract. An original method called SIEFED (specific immunological extraction followed by enzymatic detection) was developed for the specific detection of the activity of equine myeloperoxidase (MPO). The method consists of the extraction of MPO from aqueous solutions by immobilized anti-MPO antibodies followed by washing (to eliminate proteins and interfering molecules) and measurement of MPO activity using a detection system containing a fluorogenic substrate, hydrogen peroxide, and nitrite as reaction enhancer. The SIEFED technique was applied to study active MPO in horse biological fluids and the effects of 2 polyphenolic molecules, curcumin and resveratrol, on MPO activity. The detection limit of the SIEFED was 0.23 mU/ml. The SIEFED exhibited good precision with intra-assay and interassay coefficients of variation below 10% and 20%, respectively, for MPO activities ranging from 0.25 to 6.4 mU/ml. The activity of MPO was generally higher than 1 mU/ml in the fluids collected from horses with inflammatory diseases. Curcumin and resveratrol exerted a dose-dependent inhibition on MPO activity and, as they were removed before the enzymatic detection of MPO, the results suggest a direct drug-enzyme interaction or an enzyme structure modification by the drug. The SIEFED is a new tool that would be useful for specific detection of active MPO in complex media and for selection of MPO activity modulators.
Introduction
The enzyme myeloperoxidase (MPO) is involved in the intracellular destruction of bacteria inside neutrophils by producing potent oxidant molecules, mainly hypochlorous acid (HOCl). 5, 21 MPO is released in the extracellular milieu by dying or highly stimulated neutrophils in pathological conditions of acute and chronic inflammations. 10, 18, 19, 21 Under these conditions, MPO is able to exert an oxidant activity on neighboring cells and tissues. Thus, modulation of MPO activity could be a therapeutic target. Increased blood levels of MPO are now considered as a marker of neutrophil activation and degranulation 4, 28 and are measured by enzyme immunoassays, which quantify the concentration of the enzyme without measuring its true enzymatic activity.
The enzymatic activity of MPO is detected in aqueous medium by classical methods using hydrogen peroxide (H 2 O 2 ) and a chromogenic or fluorogenic substrate. 1, 17 These methods encounter several problems: the substrates are not specific for MPO but also react with other peroxidases, 15 and interfering molecules (proteins, reductors, and oxidants) 7, 15, 26 that can be present in the biological samples and can react with the substrate or H 2 O 2 , or hinder the enzyme function. Similarly, several factors could modify the enzymatic reaction such as the concentration of substrate or cosubstrate, the physicochemical characteristic of the milieu (eg., pH, temperature, ionic strength, vehicle solvent), and the presence of some substances (inhibitors, activators) that could regulate the activity of the enzyme. 23 It is thus difficult to evaluate the precise mechanisms of action of a tested compound and to determine at which step it acts: on the substrate, on the cofactor, on the enzyme, or on the by-products of the enzyme activity.
The authors describe herein an original method and its optimization for the specific detection of the enzymatically active equine MPO in complex media, such as biological fluids or reaction mixtures of MPO with drugs such as natural polyphenols endowed with antioxidant and inflammatory activities. 2, 9 This method, named SIEFED (specific immunological extraction followed by enzymatic detection), uses polyclonal antibodies previously developed to design an enzymelinked immunosorbent assay (ELISA) technique for measurement of equine MPO concentrations in horse plasma. 13 The major advantage of the SIEFED is the simple, rapid, and easy extraction of MPO out of the sample or the reaction mixture by specific immobi-lized antibodies. The MPO binding to antibodies is followed by a washing step that eliminates the solution and its potential interfering capacity, before starting the enzymatic detection of MPO (Fig. 1 ).
Materials and methods

Purification of equine MPO and rabbit anti-equine MPO polyclonal antibodies
The purification of equine MPO and the preparation of the rabbit anti-MPO antibodies have been described in detail. 13 In brief, MPO was extracted from isolated equine neutrophils and by 2 chromatographic steps (ion exchange and gel filtration) to attain a purity .98% (as established by electrophoresis). Antisera were obtained by rabbit immunization against purified equine MPO emulsified with complete Freund adjuvant (1 initial injection with 100 mg/ ml MPO and 4 booster injections with 50 mg/ml MPO), and polyclonal antibodies (immunoglobin G [IgG]) were purified from antisera by affinity chromatography on Protein A sepharose.
a These antibodies were the same as those used for the design of an ELISA for equine MPO measurement in plasma and have been characterized for their specificity and stability in previous studies.
11,13
Influence of anti-MPO antibodies on the enzymatic activity of MPO Purified MPO (1.26 mU/ml) was incubated for 2 hr at 37uC with 20 mM phosphate buffer saline pH 7.4 containing or not containing rabbit anti-MPO IgG (3 mg/ml). After incubation, the enzymatic activity of MPO was measured by fluorescence using as substrate Amplex red b (see methodology of the SIEFED) added directly to the solution.
Methodology of the SIEFED
Three buffers were prepared: phosphate-buffered saline (PBS, 20 mM, pH 7.4), a dilution buffer (PBS with 5 g/liter bovine serum albumin [BSA] and 0.1% Tween 20) , and a wash buffer (154 mM NaCl with 0.1% Tween 20) . Microtitration wells c were coated (overnight, at 4uC) with 600 ng/well of rabbit anti-MPO IgG diluted in PBS. Two hundred microliters of reference equine MPO dilutions (ranging from 1.56 to 40 ng/ml) or 200 ml of unknown samples containing MPO were added to the microplate and incubated 2 hr at 37uC. After removal of the supernatant and 3 washes, the peroxidase activity of MPO was detected by adding 100 ml of a 40-mM Amplex red b solution freshly prepared in phosphate buffer (50 mM, at pH 7.5) containing 10 mM H 2 O 2 d and 10 mM Na-nitrite. d Control (blank) consisted of dilution buffer in lieu of the test sample. After incubation in the dark (30 minutes, 37uC), fluorescence was measured with a Fluoroscan Ascent plate reader c at the excitation and emission wavelengths of 544 and 590 nm, respectively. The fluorescence value was directly proportional to the quantity of active MPO present in the sample.
Optimization and validation of the SIEFED
To determine the optimal IgG concentration for coating, microtitration wells c were coated (overnight, at 4uC) with serial dilutions of rabbit IgG (from 2,400 to 150 ng/well) diluted in the coating buffer. The binding of MPO to its specific antibodies was tested after 30 min, 1 hr, 2 hr, or 4 hr incubation at 37uC or after 2 hr or 20 hr incubation at 4uC. The optimal conditions to measure equine MPO activity with Amplex red solution were determined according to Mohanty et al. 25 Phosphate buffers with pH values ranging from 4.5 to 8, and different concentrations of H 2 O 2 (0 to 200 mM), NaCl (0 to 600 mM), and sodium nitrite (NaNO 2 ) (0.2 to 80 mM) were tested. The detection limit was defined as the lowest MPO concentration that produced a fluorescence value statistically different (mean value 6 SD) from the value obtained with buffer alone. The standard curve of the SIEFED was calculated and plotted point to point using the Ascent Software for Multiscan Ascent.
c The precision and reproducibility were estimated using the coefficients of variation (CV) within or between assays, calculated for several measurements of the same samples in the same run (intra-assay CV) or in different runs (interassay CV). To demonstrate the specificity of the SIEFED for active equine MPO, a solution of horseradish peroxidase (HRP) or hemoglobin, which is known to have a peroxidase-like activity, was assayed by SIEFED. As purified horse hemoglobin was not available, a test was made with purified human hemoglobin or lysed equine erythrocytes after isolation from blood and washing. The erythrocyte extract, rich in hemoglobin and glutathione peroxidase, 3 was tested with the SIEFED method.
Application of the SIEFED method to study MPO activity in biological fluids
Sampling technique for biological fluids. Blood was drawn from the jugular vein into tubes e with EDTA anticoagulant (1.6 mg/ml blood) The blood samples were centrifuged for 10 min at room temperature at 1,000 3 g. The plasma was used for the SIEFED assay. When clinical conditions permitted (ie., no risk of hurting the animal), peritoneal fluid (PF) was sampled by needle or cannula puncture of the lowest point of the abdomen near the white line. In cases of abdominal distension, ultrasound was used to locate the PF, which then was collected into tubes e with EDTA and centrifuged (10 min; 1,000 3 g). The supernatant was used for the SIEFED assay. Bronchoalveolar lavage (BAL) was performed using a fiber-optic endoscope wedged into a bronchus, and by in situ instillation of 6 3 60 ml of sterile saline at 37uC. The fluid collected by aspiration was centrifuged (1,000 3 g, 10 min) and the supernatant was used for the SIEFED assay.
Plasma and PF samples were drawn in horses suffering from gastrointestinal disorders, and BALs were sampled in horses with recurrent airway obstruction. A horse was considered as clinically healthy if no clinical signs of acute disease and no change in health status were observed during sampling. The plasma and the supernatants from PF and BAL were used shortly after collection or kept frozen in small aliquots at 220uC. Immediately prior to performing the SIEFED, samples were thawed and dispensed undiluted into the wells.
Total MPO measurement in biological fluids by a sandwich ELISA
To compare the enzymatically active concentration of MPO in equine biological samples with the total concentration of the enzyme in the same sample, a recently described sandwich ELISA 13 was used to measure total (active and nonactive) MPO. Before the assay, plasma and PF samples were diluted 403 and BAL 503 in a 20-mM PBS at pH 7.4 containing 5 g/liter of BSA and 0.1% Tween 20.
Application of the SIEFED method to study the effects of resveratrol and curcumin on MPO activity
The natural polyphenols curcumin f and resveratrol f were selected for their recognized antioxidant and anti-inflammatory properties. 2, 9 They were dissolved at 10 22 M in ethanol, further diluted with the dilution buffer, and used at final concentrations of 10
24
, 10
25 , or 10 26 M. They were incubated for 10 min with MPO (9 ng/ml). Controls were made with the vehicle solution of the tested compounds. After the incubation, the mixture was loaded onto the SIEFED microplate. During incubation (2 hr, 37uC), MPO bound to its specific antibodies, and after a washing to eliminate the incubation milieu, the activity of MPO was measured.
Statistical analysis. A 2-sided Student's t-test was performed with the Instat 3.05 statistical program.
g A P value of ,0.05 was considered significant.
Results
Equine MPO purification and antiserum effects on MPO activity
After purification, 0.9 mg of equine neutrophil MPO was obtained from 15 liters of blood. The purified enzyme had an activity of 160.25 U/ml for 1 mg/ml of pure protein measured by the bicinchoninic acid method for protein determination.
f One unit of MPO activity was defined as the amount of MPO that produced an increase in absorbance (A460 nm) of 1.0 per minute at pH 5.5 and 25uC, calculated from the initial rate of reaction using ortho-dianisidine as substrate. 27 The rabbit antiequine MPO sera did not cross-react with equine hemoglobin, other granule proteins of neutrophils, and extract obtained after homogenization of equineisolated eosinophils, which contains the eosinophil peroxidase. 11 As the SIEFED method is based on the measurement of the enzymatic activity after MPO binding to rabbit anti-MPO IgG, it was essential to study the effects of these antibodies on the activity of the enzyme. An important inhibitory effect of the rabbit anti-MPO IgG was observed on the activity of MPO, but the inhibitory percentages were similar for MPO activity ranging from 0.56 to 4.26 mU/ml (Table 1) . Moreover, this effect was reproducible between assays. For the highest MPO activity (6.4 mU/ml corresponding to 40 ng/ml of purified equine MPO), the inhibition by the antibodies could not be calculated because a plateau value was already reached with the enzymatic measurement of MPO alone.
Optimal conditions for the SIEFED method
The best conditions for coating microplates with the antibodies were obtained with 200 ml of the rabbit IgG solution at 3 mg/ml (600 ng per well). The coated microplates remained stable for up to 4 weeks at 4uC under dry conditions. 13 The binding of MPO to the coated antibodies was time dependent and was optimal after a 2-hour incubation time at 37uC; no statistical difference was obtained with a 4-hour incubation time at 37uC (Fig. 2) , and a longer period (.12 hours) at 37uC was detrimental for MPO activity. Maximal binding was not reached after 2 hours at 4uC (Table 2 ; Fig. 2 ), and the binding was not improved significantly after incubation period of 4 hours at 37uC or 20 hours at 4uC (Fig. 2) . The rapidity of the test being a priority factor, especially for diagnostic purposes, an incubation of 2 hours at 37uC was used for further studies. To attain high enough sensitivity for the SIEFED to be used on biological samples, a peroxidase substrate, the Amplex red molecule, which is transformed into the fluorescent resorufin upon peroxidase-catalyzed H 2 O 2 oxidation, 25 was used. The optimal working conditions to measure the activity of equine MPO were reached with a freshly prepared 40-mM Amplex red solution in phosphate buffer (50 mM) at pH 7.5 and 10 mM H 2 O 2 . The sensitivity of the SIEFED method was significantly increased by the addition of sodium nitrite to the substrate solution with a maximum reached at 10 mM sodium nitrite (Fig. 3) . Using the 2-hour incubation at 37uC to bind MPO to its antibodies, use of this sodium nitrite concentration resulted in a 10-fold increase in the sensitivity of the SIEFED for MPO activity ranging from 0.37 to 2.8 mU/ml. For higher MPO activities, the enhancing effect of sodium nitrite was lower but still around 5-to 6-fold ( Table 2 ). The specificity of the SIEFED for equine active MPO was confirmed by testing purified HRP, human hemoglobin, and an extract rich in hemoglobin and glutathione peroxidase obtained from the lysis of equine erythrocytes. The concentration tested for each assay was chosen on the basis of the highest MPO concentration used in the reference curve (40 ng/ml). For each experiment, the fluorescence values were not above the blank value of the assay.
Calibration curve and detection limit of the SIEFED method
A typical active MPO standard curve was obtained by plotting the fluorescence values as a function of the reference MPO activities (from 0.25 mU/ml to 6.4 mU/ml) (Fig. 4) . Table 3 shows the fluorescence values of a typical reference active MPO (mU/ml) with the corresponding reference concentrations of purified equine MPO (ng/ml) (test performed with sodium nitrite addition): the intra-assay CVs did not exceed 8% (n 5 5), and the detection limit was 0.23 mU/ml (1.44 ng/ml). Plateau values were reached over a MPO activity of 18 mU/ml (113 ng/ ml).
Application of the SIEFED method to study MPO activity in biological fluids
The intra-assay precision of the SIEFED was estimated by repeated measurements on biological fluids within the same run. The CVs obtained for 3 different types of biological fluids (plasma, PF, and BALs) with MPO activities ranging from 0.304 mU/ ml to 5.472 mU/ml did not exceed 10%. The mean CV value obtained for all the samples (n 5 76) was 5.28% 6 2.62% (Table 4) .
Interassay precision was estimated by triplicate assay of the biological fluids performed in different runs over a period of 3, 4, or 6 days. The MPO activities ranged from 0.276 mU/ml to 4.597 mU/ml, and the CVs did not exceed 20%. The mean CV value obtained for all the samples was 11.6% 6 3.5% (Table 4) .
The fluids were sampled in diseased horses and in healthy horses, and before the SIEFED assay, the total MPO content was measured by ELISA in each sample. The samples with the lowest or the highest MPO activities measured by SIEFED were also the samples with the lowest or the highest total MPO values measured by ELISA technique ( Table 4 ). The samples of the diseased horses with total MPO values above 300 ng/ml (ELISA) were also those with the highest MPO activity (SIEFED), generally above 1 mU/ml (or 6 ng/ml) of active MPO.
Application of the SIEFED method to study the effects of resveratrol and curcumin on MPO activity
Resveratrol and curcumin had dose-dependent inhibitory effects on MPO activity. At 10 25 M, curcumin and resveratrol inhibited, respectively, 59% (P , 0.0001) and 94% (P , 0.0001) of the MPO activity. The percentage of inhibition was calculated for each polyphenol concentration versus its respective vehicle solution containing ethanol, and the activity of MPO alone was considered as the 100% control value. Compared with the MPO control, ethanol alone at 344 mM exerted an inhibitory effect (30%; P , 0.0001) on the MPO activity (Fig. 5) . The effects of ethanol or polyphenol on the antibodies were controlled by incubation with the anti-MPO-IgG coated onto the wells. After removal by washing, the wells were used for a SIEFED assay with a reference MPO activity of 1.26 mU/ml. This pre-incubation of the antibodies with the highest concentrations of ethanol (344 mM), curcumin (10 24 M), or resveratrol (10 24 M) did not affect the SIEFED response. This lack of effect on the fluorescence values indicated that the polyphenols and ethanol neither adversely affected the binding of MPO to its specific antibodies nor interacted with the antibodies, and thus that polyphenols and vehicle solutions were effectively eliminated by the wash step.
Discussion
To complement an ELISA technique that measures total equine MPO in equine biological fluids but cannot differentiate between the active and nonactive forms of the enzyme, 13 a SIEFED method was developed for easy, specific, and rapid measurement of MPO activity in complex solutions. Similar to the ELISA, the best conditions for binding MPO to solidphase antibodies were obtained by coating wells with 3 mg/ml IgG. 13 Higher concentrations did not improve the binding and even tended to reduce the activity of MPO. As observed for human MPO, 12, 16 the anti-equine MPO antibodies exerted an important inhibitory effect on MPO activity. This inhibitory effect was reproducible with a constant percentage inhibition for all MPO activities located in the linear part of the calibration curve (Table 1) . Therefore, the assay of active MPO bound to its antibodies was possible if a very sensitive technique was used to measure the activity of MPO.
The SIEFED technique has 4 interesting characteristics. First, the SIEFED, like the ELISA technique, allows easy immunological capture of MPO out of a complex solution (biological fluids, or reaction mixtures of MPO with other compounds) without chromatographic purification or a precipitation procedure; the test solution is simply dispensed onto antibody-coated wells, and then discarded after the incubation period during which MPO binding occurs. Second, the SIEFED allows the measurement of MPO activity without the potential adverse effects of other compounds in the test solution (biological fluids or reaction mixtures), since the wash step eliminates potentially interfering compounds before the enzymatic detection step. Third, the SIEFED, by using specific anti-equine MPO antibodies, 13 guarantees the specific capture of equine myeloperoxidase and allows * MPO activity of 6.4 mU/ml corresponds to 40 ng/ml of pure equine MPO. Table 4 . Reproducibility (intra-assay and interassay) of active MPO measurements in equine biological samples. * n: number of measurements per sample for intra-assay and number of interassays. Each interassay was performed at least in triplicate.
{ CV 5 coefficient of variation; SD 5 standard deviation; H 5 healthy horse; D 5 diseased horse; PF 5 peritoneal fluid; BAL 5 bronchoalveolar lavage.
{ Concentration (ng/ml) of active and total MPO measured by SIEFED and ELISA, 13 respectively. MPO activity of 6.4 mU/ml corresponds to 40 ng/ml of active MPO.
use of a detection system that recognizes the peroxidase activity of MPO without risk of contamination by other peroxidases. Despite the inhibitory effect exerted by the anti-equine MPO antibodies, the fourth characteristic of the SIEFED is its high sensitivity, which is obtained by the combined used of Amplex red, a stable fluorogenic substrate for the detection of peroxidases, 17 and nitrite as an enhancer of the reaction. The MPO has the dual activities of chlorination and peroxidase, and nitrite ions favor the peroxidase activity of the enzyme, 6 increasing the amount of the substrate transformed into a fluorescent molecule.
In view of these advantages, the SIEFED method appears to be a tool of choice for assaying MPO activity in biological fluids or for selecting specific inhibitors of MPO in order to study their interactions with the enzyme itself. Indeed, because biological fluids or tested compounds are eliminated by washing, it is reasonable to assume that they will not interfere with the enzymatic detection system. The SIEFED method allowed an easy and reliable quantification of equine MPO activity in undiluted biological samples (plasma, PF, BAL) with a good sensitivity, good intra-assay CVs, and acceptable interassay CVs (below 20%). The highest interassay CVs could be explained by the freezing and thawing of the sample aliquots that could randomly affect the structure and the stability of the enzyme.
Of interest, the sick horses that presented high total MPO values (above 300 ng/ml) measured by ELISA were also the horses with the highest MPO activity measured by SIEFED. These results confirmed that MPO remains active in biological fluids, and particularly in fluids collected from diseased horses. Undoubtedly, the presence of active MPO in biological fluids could increase the risk of cytotoxicity as the enzyme is taken up by cells or binds on the cell surface, with an in situ production of oxidizing agents 24 or chlorinated and nitrated proteins with strong oxidative properties. 21 Oxidizing agents derived from the catalytic activity of MPO surely contribute to the pathogenesis of the disease 21 or are involved in a more subtle modulation of the inflammation reaction. 22 For example, a low level of MPO-derived HOCl has been shown to modulate the activity of metalloproteinases. 14 Since MPO could potentially induce cytotoxicity, it was interesting not only to measure MPO activity in biological fluids and other complex media, but also to search for drugs able to modulate the activity of MPO outside the neutrophil. For the latter purpose, the SIEFED technique was used to study the effect of drugs on the activity of MPO. The 2 polyphenolic molecules, curcumin and resveratrol, were selected because they have recognized antioxidant and antiinflammatory properties, 2, 9 but little data are available on their effects on MPO activity. Kato et al., 20 Figure 5. Effect of curcumin and resveratrol on MPO activity measured by the SIEFED method. The MPO was incubated with different polyphenol concentrations or vehicle solutions (ethanol controls) during 30 min before the SIEFED assay. The percentages of inhibition of MPO activity for each polyphenol concentration were calculated versus the respective ethanol vehicle controls. *P , 0.05, **P , 0.001, ***P , 0.0001. Data are given as mean 6 SD (n 5 6). using a myeloperoxidase-catalyzed tyrosylation system, showed an inhibitory effect of curcumin on MPO activity, which they attributed to a possible quenching of tyrosyl radical by the polyphenol or an interaction between MPO and curcumin. Cavallaro et al. 8 showed that resveratrol strongly decreased the production of HOCl by activated neutrophils, suggesting an inhibitory effect of resveratrol on MPO activity.
With the SIEFED method, a dose-dependent inhibitory effect of curcumin and resveratrol on the MPO activity was observed. These results suggest that a direct interaction between the drug and the enzyme may occur by modification of the steric enzyme's structure (binding onto the heme or onto a specific amino acid residue of the protein moiety). The precise mechanism of action of these 2 molecules remains to be identified using more sophisticated methods such as crystallographic drug-enzyme studies. Nevertheless, thanks to the SIEFED technique, an insolution side reaction of the free polyphenol with the by-products of MPO activity or with the enzyme substrate can already be excluded. The modulating effects of curcumin and resveratrol on equine MPO activity present some therapeutic possibilities for equine inflammatory diseases.
In conclusion, the novel SIEFED technique developed herein for measurement of MPO activity is a simple technique that is complementary to the ELISA technique previously described. 13 Considering that the limiting step of the SIEFED method is the inhibition of MPO activity by rabbit anti-MPO IgG (probably owing to recognition and blockage of several epitopes on the enzyme molecule), anti-MPO monoclonal antibodies are being developed with the intent of selecting a monoclonal antibody with good binding properties for MPO but low inhibitory effects on enzyme activity. Nonetheless, considering that the inhibitory effect of rabbit anti-MPO IgG was constant within assays, the SIEFED assay, which uses a novel sensitive fluorescent method with Amplex red-H 2 O 2 and nitrite as an enhancer of the reaction, is a specific, accurate, and reproducible method for measurement of MPO activity in biological fluids or complex milieu. The SIEFED also appears to be a novel efficient pharmacological tool for studying the effects of drugs (either natural products of plant or animal origin, or newly synthesized molecules), and its originality is that it allows for distinguishing between the neutralizing effect of drugs on the products of MPO activity (stoichiometric antioxidant activity) and their direct inhibitory activity on the enzyme function itself (anticatalytic activity). Therefore, the SIEFED is complementary to the other enzymatic techniques used to study the functioning of the enzyme or the effects of selected products on the chlorination, peroxidasic, or nitration capacity of myeloperoxidase. The SIEFED method opens news perspectives for the study of diseases that feature the release of active MPO from stimulated neutrophils and for the selection of modulators of the MPO activity with a therapeutic target. Moreover, the SIEFED technique could be adapted to the specific detection of other enzymes, as long as the pure enzyme and its specific antibodies are available.
